Abstract-This paper reports the integration of vanadium dioxide (VO 2 ) thin films in a microelectromechanical systems (MEMS) mirror device, where the actuation is mainly due to the solid-solid phase transition of VO 2 . The fabrication process described in this paper provides the details that will enable the integration of VO 2 thin films at any step during the fabrication of rather complex MEMS devices. The present VO 2 -based MEMS mirror device is operated electro-thermally through integrated resistive heaters, and its behavior is characterized across the phase transition of VO 2 , which occurs at a temperature of ∼68°C and spans about 10°C. The maximum vertical displacement of the mirror platform is 75 µm and it occurs for an input voltage of 1.1 V. This translates to an average power consumption of 6.5 mW per mirror actuator and a total power consumption of 26.1 mW for the entire device. The studies included in this paper are key for future device improvements and further development of MEMS mirror actuation technology, which could include the use of the hysteresis of VO 2 for programming tilting angles in MEMS mirrors.
VO 2 -Based MEMS Mirrors performance of a MEMS mirror. For example, large deflections and tilting angles are very important for increasing the field of view of MEMS mirrors used in microendoscope and tracking applications, while low voltage operation allows for reducing power consumption of devices used in scanning mirrors used for imaging. Although it can be argued that increasing displacements/tilting angles and decreasing power consumption will result in better MEMS mirrors, the technologies that have been used for these devices do not include a single mechanism that can optimize both [13] .
The techniques that have been used for actuation of MEMS mirrors include bimorph, electrostatic, electromagnetic, and piezoelectric mechanisms. Bimorph mechanisms involve the use of two materials (in the form of thin films) with different thermal expansion coefficients. A change in temperature will produce different expansions of the layers forming the bimorph, causing bending of the bimorph structure [14] . This mechanism is known to produce very large deflections (and tilting angles) in MEMS mirrors, but such deflections require larger current signals, which translates into high power consumption. Furthermore, being a thermal process, their responses are relatively slow. Electromagnetic actuation requires magnetic materials and also requires relatively large currents; for example, 515.17mA was used to actuate the MEMS mirror based on electromagnetic mechanism [15] . Electrostatic mechanisms, on the other hand, use the attractive (or repelling) force between two charged plates or surfaces, which requires very little current, and therefore, consume low power. When they are fabricated in the micrometer scale, they can sustain very high electric fields since the gaps between the charged surfaces can be smaller than the mean free path of particles in air at room temperature (∼ 6 µm) [16] . Similarly, piezoelectric actuation mechanisms require very small currents, and are capable of providing high-speed actuation [17] . However, the work-per-unit volumes of electrostatic and piezoelectric actuation mechanisms are about one order of magnitude smaller than of thermal expansion [18] , which yields smaller deflections and tilting angles for similar devices.
This work presents a new actuation mechanism for MEMS mirrors. The mechanism consists of the stress generated by vanadium dioxide (VO 2 ) thin films during their solid-solid phase-change. During its phase transition, VO 2 experiences a fully reversible solid-to-solid phase transformation, in which the electrical [19] , optical [20] and mechanical [21] properties drastically change. The mechanical properties involve a decrease in the area of the thin film crystals that are parallel to the substrate. This generates stress levels close to 1 GPa [22] and strain energy densities close to 10 6 J m −3 , which is close 1057-7157 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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to 1 order in magnitude larger than values for electrostatic or piezoelectric actuation [23] . Given the large work-per unit volume capability, memory capability, and small temperature window during which the phase transition occurs (typically not wider than 20°C), VO 2 -based micro actuators have been studied extensively in recent years [24] [25] [26] [27] [28] . Furthermore, the behavior of VO 2 across the phase transition shows hysteresis, which has made possible the development of programmable MEMS actuators [29] and resonators [30] . Although there are multiple solid-solid phase transition materials, VO 2 is the material with phase transition temperature closest to room temperature [31] (approximately 68°C), which makes it a very attractive option for practical applications.
The hysteresis between deflection and temperature of VO 2 -based actuators follows a non-monotonic behavior, which has been described before [22] , [32] and is now briefly discussed. In VO 2 -based actuators, the dominant mechanism for regions outside the phase transition, is the thermal expansion coefficient difference between VO 2 and the substrate materialjust like in typical bimorph thermal actuators. During the phase transition, thermal expansion and phase transition mechanisms coexist and produce displacements in different directions; but the dominant mechanism is the stress generated by the change in the area of the VO 2 crystal due to the phase transition. Thus, the deflection of VO 2 -based actuators follows a non-monotonic behavior when the device is heated from room temperature across the phase transition. VO 2 -based mirrors also follow this distinct behavior during actuation.
The main contribution of this paper is the demonstration of a new thermal actuation mechanism for MEMS mirrors. Although VO 2 -based MEMS actuators have been reported before [23] , [24] , [26] , [29] , [30] , [32] , [33] , the monolithic integration of VO 2 thin films in rather complicated MEMS devices, such as MEMS mirrors, had not been demonstrated. The microfabrication process for the presented VO 2 -based MEMS mirror is discussed in detail. The characterization of the device includes vertical displacement, tilting angle, dynamic response, and power consumption. When all the legs of the device are actuated simultaneously (generally referred to as the piston motion), the maximum displacement is 75 µm, which is obtained with an actuation voltage of 1.1 V for each leg.
II. EXPERIMENTAL PROCEDURES
The developed VO 2 -based MEMS mirror (SEM shown in Figure 1 ) is based on a previous design reported in [4] , where the difference in the thermal expansion coefficient of aluminum and silicon dioxide (SiO 2 ) is replaced with VO 2 to generate deflections upon resistive heating. In this design, a squared mirror platform is suspended by 4 separate and individually-actuated legs. Each leg consists of different sections with two different thickness: a thin section with the two materials with different thermal expansion coefficients (bimorph) and a much thicker section that will provide a rigid frame that serves as a mechanical support (frame). This MEMS mirror design optimizes vertical displacement and its details have been reported [4] , [34] , [35] . Metal traces are embedded in the legs to form resistive heaters that are designed to increase the temperature mainly in the bimorph section of the leg (see Figure 1) .
A. Design and Fabrication of V O 2 -Based MEMS Mirror
VO 2 thin films are not compatible with most standard microfabrication processes such as complementary metaloxide semiconductor (CMOS) process. The CMOS process requires the use of very high temperature for different process such as SiO 2 deposition and ion diffusion. A high processing temperature will affect VO 2 thin films due to either film oxidation (i.e. change in materials stoichiometry) or possible diffusion of atoms from layers in contact with VO 2 . Furthermore, CMOS devices that include aluminum as interconnect metals are sensitive to high processing temperatures. For example, a typical 0.25 µm CMOS technology cannot exceed temperatures higher than 475°C for 30 minutes [36] ; VO 2 films are deposited at a temperatures of ∼ 470°C for 25 minutes and immediately followed by a 30 minutes annealing step. The material thin films also degrade rapidly when exposed to most etchants used in standard silicon MEMS processing, including some bases, such as concentrated AZ developers. This is why in the previously reported VO 2 -based MEMS actuators, the deposition of the VO 2 film is done as the last step in the fabrication process [23] , [26] , [29] , [30] , [32] , [33] . Although this approach can be done for relatively simple MEMS devices, it does not represent a viable solution for rather complicated structures, such as MEMS mirrors. Integrating VO 2 thin films at an early stage of a fabrication process requires the design of a fabrication process that does not involve high temperatures after the VO 2 is deposited, characterization studies of VO 2 thin films in the presence of unavoidable chemicals in lithography (e.g. photoresists and developers) and additional steps that protect the film during necessary wet-etching steps.
From preliminary experiments, it was found that after VO 2 thin films are brought to room temperature after the annealing step (VO 2 deposition process is explained later), they begin to degrade when exposed to temperatures above 275°C, in oxygen environment. It was also found that diluted developer solutions (i.e. 5:1 ; H 2 O:Microposit 351) could be used to pattern photoresist layers on VO 2 and that any photoresist from the Microposit S1800 family and MicroChem SF-11 PMGI photoresist (with soft-baking of only 250°C) will not attack VO 2 thin films. The chip design included a device that allowed for measuring the resistance of the VO 2 thin film after the fabrication process was complete. The electrical properties can be used to characterize the quality of the VO 2 by measuring the resistance across the phase transition. Figure 2 shows the resistance drop of the VO 2 thin film right after the film was deposited, and after the fabrication process was completed. It can be noticed that both resistance drops show the characteristic drop in resistance (at similar temperature regions) and hysteretic behavior for a heating-cooling cycle across the phase transition of the material, which suggests that the composition of the VO 2 and its stoichiometry was not significantly affected during the process. That the difference in the resistance values before and after the transition is most likely due to the fact that the resistance drop shown in Figure 2 -a was measured on a continuous VO 2 film, whereas Figure 2 -b was measured on a patterned VO 2 patch (700 µm wide and 2.55 mm long) through the metal traces on the device.
The fabrication process flow diagram is presented in Figure 3 . A double-side polished silicon wafer (2 inches in diameter and 300 µm thick) is used as a starting substrate. First, a 1 µm thick of SiO 2 layer is deposited by Plasma Enhanced Chemical Vapor Deposition (PECVD) at 300°C on both sides of the substrate. The SiO 2 layer is needed in one side (front side) for electrical insulation from the substrate and for growing polycrystalline strongly oriented VO 2 with the monoclinic (011) M planes parallel to the substrate surface [30] , which will improve maximum mechanical actuation across the phase transition [29] . The SiO 2 on the back side of the wafer will be used as a hard mask for the back side silicon wafer etch. The next step is the deposition of the VO 2 film (250 nm thick), which is done by pulsed laser deposition following a similar process to that used previously for the development of VO 2 -based MEMS [24] . The VO 2 film is patterned using S1813 as a mask, and Reactive Ion Etching (RIE). Table I shows the conditions used in the deposition and patterning of the VO 2 . A 50 nm SiO 2 layer is then deposited to electrically isolate the patterned VO 2 and the resistive heaters (metal traces). This 50 nm SiO 2 layer is deposited at 250°C by PECVD, and in two consecutive steps (25 nm each deposition) to reduce voids in the film. It should be mentioned that the width of the VO 2 thin film is 2 µm smaller than the width of the bimorph lines. This is done to guarantee sidewall-protection of the VO 2 film by the SiO 2 layer (see step g of Figure 3 ). The next step is the deposition and patterning of the metal traces, which is done by using lift-off technique. The metal traces are made of Titanium (Ti)/Platinum (Pt) (20 nm/110 nm), where the Ti layer is used for adhesion purposes. The width of the metal traces on the frames of the legs are 24 µm with a separation of 6 µm between the traces. In the bimorph region, the metal lines consist of two pairs of metal traces separated by 8 µm between the traces and 10 µm between the pair of traces. The width of each metal trace in the bimorph region is 6 µm (see the inset of Figure 1 ). After the metallization, another SiO 2 layer (150 nm) is deposited at 250°C; this time, where the deposition is divided into three steps of 50 nm each. This 150 nm SiO 2 layer is then patterned using dry etching to expose the metal contact pads and mirror platform. Another SiO 2 etch (1 µm) is performed to expose the silicon wafer for the release of the structure. The backside of SiO 2 is then patterned by RIE (1 µm) and used as a hard mask for the Deep Reactive Ion Etch (DRIE) on the silicon. During the backside etch, the top part of the wafer is protected with a dummy wafer using PMGA SF11 as adhesive layer between the wafers. The dummy wafer is removed by submerging the sample in photoresist remover (Microposit Remover 1165) at 90°C. The DRIE is timed to etch 250 µm of the silicon substrate, leaving approximately 50 µm of substrate, which is the thickness of the frame and platform in the final device. A second DRIE step is carried out on the top side of the wafer in order to complete etching through the wafer, leaving the entire MEMS mirror device suspended with a thickness of approximately 50 µm from the silicon substrate. Finally, to remove the 50 µm silicon under the bimorph sections, an isotropic Si etch was used (XeF 2 gas). The isotropic etch is timed to release the bimorph part of the legs, while not affecting significantly the silicon under the frame and platform sections of the MEMS mirror. The different sections of the final device are labeled in Figure 1 .
B. Experimental Setup
The experimental setup is shown in Figure 4 . A digital camera (Nikon 1 J1) with the combination of an objective lens (10X Mitutoyo Plan Apo Infinity Corrected Long WD Objective lens) was used to grab videos of the mirrors displacement with resolution of 0.7574 µm/pixel with a speed of 29.97 frame/second and 5 µm/pixel with a speed of 1200 frames per second. For better visualization of the dynamic behavior of the developed VO 2 -based MEMS mirror, the authors have included supplementary color .avi file, which are available to download at http://ieeexplore.ieee.org. Tracker Video Analysis and Modeling software tool (Version 4.91, Douglas Brown, physlet.org/tracker) was used to analyze these images and videos. A data acquisition system (DAQ) from National Instrument controlled with LabView was used to provide actuation voltage to the resistive heaters. In order to automate the displacement measurements, an infrared (IR) laser (λ = 985 nm) and a 1-D position sensitive detector (PSD) were used to track the movement of the MEMS mirror platform due to the actuation of each leg (see Figure 4) . However, since the laser was focused at the center of the platform, the displacement measured by the PSD did not represent the actual vertical displacement of the side of the platform closest to the leg that was being actuated. To compensate for this inaccuracy, the voltage reading from the PSD was calibrated with the maximum and minimum displacements of the platform sides, as recorded by the videos and Tracker software; i.e., Tracker software was used to calibrate the displacements measured by the PSD.
III. RESULTS AND DISCUSSION
Different experiments were performed to characterize the performance of the presented MEMS mirror. The characterization included individual displacement of each leg, piston motion displacement, mirror tilting angle, and dynamic response.
A. Displacement and Tilting Angle Measurements
First, the displacement of the platform generated by the actuation of individual legs was measured using the IR laser and PSD (with calibration from Tracker software), with a voltage input to the resistive heaters that followed a sine wave: V = 0.72 sin(2π f t) + 0.85, where f is frequency (1 Hz), t is time, and 0.85 V represents an added offset voltage. The input signal was chosen to have the complete hysteresis loop with minimal distortion due to the frequency [33] . The sensing laser diode was directed on the mirror platform and had a power of 2.9 mW. Figure 5 shows the displacement of the platform sides due to their corresponding leg. Every leg shows that the bending is in opposite directions for regions outside and inside the phase transition and this behavior is consistent with that of previously reported VO 2 -based MEMS actuators. Furthermore, the hysteresis observed across the phase transition is not expected in systems where the dominant actuation mechanism is the difference in thermal expansion coefficient of two materials.
The tilting angle was calculated from the measurement of the displacement of each platform side for the actuation of the corresponding leg, using the following equation:
where h 1 is the displacement of the platform side, h 2 is the displacement at the opposite side of the actuating leg (assumed to be 0 µm for no actuation), and d is the separation distance between h 1 and h 2 , in this case the length of the platform mirror (600 µm) (see Figure 1 ). Another observation from Figure 5 is that, although all the legs show similar displacement curves, their maximum/minimum displacement values are not the same, and they do not occur at the same voltage input. There are multiple possible reasons for this, but it has been verified that the most likely cause is related to the high sensitivity of VO 2 -based actuators and the different temperature distributions in the heaters of each leg for the same current input. The hysteresis in the VO 2 film used for the present VO 2 based MEMS mirror spans only about 10°C (see Figure 2) . Using the maximum vertical displacement measured, sensitivity can be estimated to be approximately 7µm/°C, or 169.95 µm V −1 . Given this sensitivity (which is significantly higher than that obtained with bimorph actuation [35] ), any small difference between the structures of each leg (e.g., differences in structural thermal mass-due to underetching during release, or resistance of heaters-due to misalignments or lift-off process-) will result in different deflections for each leg for the same voltage input. To verify this hypothesis, the resistance of each heater was measured as a function of voltage. The result is shown in Figure 6 , which shows the differences in resistance change with the same voltage input for the four heaters in each leg. It should be noted that Leg 1 shows the lowest resistance for the entire voltage range (see Figure 6) . Thus, the dissipation of a specific power will require a lower voltage in Leg 1 than the other legs. Given the direct proportionality between heat and electric power; this implies that this Leg 1 require a smaller voltage in order to reach the same temperature than other legs. This behavior is verified in Figure 5 , where Leg 1 shows the lowest voltage necessary to initiate the phase transition (0.8 V). The resistances of the other three Legs are much closer, and thus the difference in necessary voltage to initiate the phase transition is not that obvious for those three legs. This observation suggests that the responses of each leg could be synchronized by guaranteeing identical resistive heaters in each leg, and that the influence of structural differences between the legs due to underetching during the last step of the fabrication process is not very significant.
To measure the total displacement of the VO 2 -based MEMS mirror, all the mirror legs were actuated at the same time, creating a piston movement. Just like for the actuation of individual legs, the input for the piston movement was an oscillating voltage, V = 0.83 sin(2π f t) + 0.9. This movement could not be measured using the 1-D PSD, since the reflected beam from the mirror platform did not follow a straight line; a voltage input value did not generate the same deflection in all mirror legs. Thus, the measurements for the piston movement had to be made using only the digital camera and a tracking software, and could not be automated. Figure 7 shows the vertical deflection of the mirror under piston movement. The largest vertical displacement is 75 µm, and it occurs when the voltage input to each leg is 1.1 V and within a change of input voltage of only 0.38 V. The correspondence between the voltage input and the mirror displacement is done by pairing the maximum of the voltage sine wave with the minimum in the mirror displacement after the phase transition is complete. This point occurs at approximately 1.25 s.
The difference in the input voltage needed to reach the maximum deflection between the individual (1.3-1.4V) and piston (1.1V) actuation can be caused by the difference in the extrinsic stress in the VO 2 thin films during actuation between both experiments. It is known that extrinsic stress can change the transition temperature of VO 2 [37] . During individual actuation, the lack of displacement from the other legs will restrain the movement of the actuated leg. Thus, when only one leg is actuated the net effect is an added stress to the VO 2 thin film. This added stress is lower when all the legs are actuated; notice that the larger maximum deflection measured for the piston movement (75 µm, shown in Figure 7 ) is larger than that obtained for individual actuation (ranging from 37 to 47 µm, shown in Figure 5 ). The non-monotonic behavior of each individual leg is reflected in the displacement curve for the piston actuation. Although the mirror platform is not expected to remain parallel during actuation since each leg does not show the same deflection for a given voltage input, this difference is not noticeable in the obtained videos (see supplementary information for videos). The dynamic response and power consumption studies discussed in the next section are based on this piston actuation.
B. Dynamic Response and Power Consumption
For the dynamic response of the present VO 2 -based MEMS mirror, a step input that covered the entire phase transition for the four legs was applied. This guaranteed that the recorded vertical displacement of the mirror platform corresponded to the outer hysteresis loop of each leg. A voltage step of 1.7 V (maximum voltage used for the oscillating voltage used for the piston-like actuation) was applied simultaneously to every leg. Given the different resistance of the heaters, this voltage step produced different currents in each leg, which ranged from 4.9 mA (for leg 1) to 3.8 mA for leg 2. The voltage step input was held at 1.7 V for a few seconds, and then returned to 0 V. The intention of the rather long duty cycle was to check for response variations due to environment fluctuations or creep. The displacement due to the voltage input was measured with the digital camera. Figure 8 shows the measured response. The steady-state vertical deflection of the mirror platform was reached in 0.5 seconds during the heating cycle (i.e. when the voltage step input went from 0 to 1.7V), and 0.41 seconds during the cooling cycle (i.e. when the voltage step input went from 1.7 to 0 V). The overshoot observed in the heating cycle can be explained by the fact that pulse during the heating cycle crosses the entire The power consumption of the present VO 2 -based device was calculated for the actuation of each individual leg across the entire phase transition, using the applied voltages shown in Figure 5 , and the heater resistances shown in Figure 6 . The average power consumption of each individual leg was 6.53 mW. The power consumption for each leg was also estimated for actuation due to the phase transition only (i.e. from lowest deflection to largest deflections in the heating curves). The results are shown in Table 2 , which include also the power consumption for piston-like actuation (i.e. actuation of the 4 MEMS mirror actuators). Given the hysteretic behavior shown in the displacement of VO 2 -based actuators, the presented MEMS mirrors allow for the programming of tilting angles and total vertical displacements. Thus, future continuation of this work will focus on developing programmable MEMS mirrors, and improving the device design to allow for larger displacement/tilting angle values, as well as better control of the device performance, especially across the phase transition of VO 2 .
David Torres (S'15) His research interests include design, fabrication, and implementation of smart materials-based MEMS devices, and design, fabrication, and implementation of multilayer microfluidic system. His current research interests include modeling and control of smart materials, nonlinear system modeling and control for flexible robotics, and artificial muscles for robotics. 
Jun Zhang

Xiaoyang Zhang
